In nature, the activity of many enzymes involved in important biochemical pathways is controlled by binding a ligand in a site remote from the active site. The allosteric sites are frequently located in hinge regulatory subunits, in which a conformational change can occur and propagate to the active site. The enzymatic activity is then enhanced or decreased depending on the type of effectors. Many artificial binding sites have been created to engineer an allosteric regulation. Generally, these sites were engineered near the active site in loops or at the surface of contiguous helices or strands but rarely in hinge regions. This work aims at exploring the possibility of regulating a monomeric enzyme whose active site is located at the interface between two domains. We anticipated that binding of a ligand in the hinge region linking the domains would modify their positioning and, consequently, modulate the activity. Here, we describe the design of two mutants in a circularly permuted T... In nature, the activity of many enzymes involved in important biochemical pathways is controlled by binding a ligand in a site remote from the active site. The allosteric sites are frequently located in hinge regulatory subunits, in which a conformational change can occur and propagate to the active site. The enzymatic activity is then enhanced or decreased depending on the type of effectors. Many artificial binding sites have been created to engineer an allosteric regulation. Generally, these sites were engineered near the active site in loops or at the surface of contiguous helices or strands but rarely in hinge regions. This work aims at exploring the possibility of regulating a monomeric enzyme whose active site is located at the interface between two domains. We anticipated that binding of a ligand in the hinge region linking the domains would modify their positioning and, consequently, modulate the activity. Here, we describe the design of two mutants in a circularly permuted TEM-1 (cpTEM-1) b-lactamase. The first one, cpTEM-1-His 3 was created by a rational design. It shows little regulation upon metal ion binding except for a weak activation with Zn
Engineering allosteric regulation into the hinge region of a circularly permuted TEM-1 b-lactamase
Introduction
The control of enzyme-catalysed reactions involved in natural biochemical pathways is essential for all organisms. An inaccurate regulation could indeed lead to malfunction or disease (Pardee, 2006) . There are mainly three possibilities to modulate catalytic reactions in cells. First, the amounts of enzymes themselves can be controlled by acting on the gene transcription, and/or protein expression/degradation rate (Lee and Cho, 2006; Shantz and Levin, 2007) . Second, specific inhibitors are able to bind in the active site cavity preventing the access of the substrate (Somsák et al., 2003) . The last and the most interesting possibility is the use of an allosteric regulation. In nature, a lot of enzymes are up-and downregulated in this way (Laskowski et al., 2009) . This proceeds by binding a ligand in a site distinct from the active site and called allosteric site. When the ligand binds, a conformational change occurs in the three-dimensional structure, which is transmitted to the active site. The mechanisms through which the signal is propagated are not well known and are generally described as occurring by rigid bodies motion. The resulting perturbations in the active site lead to an increased or decreased activity depending on the effectors, called, respectively, activators or inhibitors. Even though the majority of allosteric enzymes are oligomeric [e.g. phosphofructokinase (Schirmer and Evans, 1990) , glycogen phosphorylase (Johnson and Barford, 1990) , chorismate mutase (Helmstaedt et al., 2001) ], examples have been described with monomeric enzymes (Ludwig and Matthews, 2002; Sintchak et al., 2002) .
Mimicking this natural process, research efforts have been made by rational design or directed evolution to engineer new regulatory sites for predefined effectors within the scaffold of non-regulated enzymes. In rational design, specific amino acids are mutated or defined epitopes are grafted eventually with the help of computer modelling. For example, the introduction of one or two histidines on a loop near the rat trypsin active site has generated a metal binding site involving the catalytic residue His 57 and a complete inhibition was observed with Cu 2þ , Ni 2þ and Zn 2þ (Higaki et al., 1990 (Higaki et al., , 1992 . In glycogen phosphorylase, two histidine residues have been added so that, upon metal binding, the active phosphorylated conformation would be mimicked and lead to cooperative and allosteric activation (Browner et al., 1994) . Insertions of viral epitopes have been carried out into the alkaline phosphatase or b-galactosidase. Inhibition or activation effects were observed upon binding of antiepitopes antibodies (Brennan et al., 1994; Feliu et al., 1998) . In all these cases, the choice of the effector directs the engineering of the specific binding site and a new construction is necessary for each molecule to be detected. In a directed evolution strategy, a library of potential binding sites is generated by randomly mutating amino acid sequence or inserting random peptides. This method requires a powerful selection protocol to isolate, from a large library, clones endowed with affinity for a target molecule (Dower and Mattheakis, 2002) . From the same library, different clones potentially regulated by different ligands of interest (small organic molecules, antibodies, metallic ions) can be selected. Although a large variety of protein scaffolds has been explored to create non-natural receptors by this strategy (Mathonet and Fastrez, 2004) , only a few enzymes were used for engineering an allosteric regulation (Fastrez, 2009) . Genetic insertion of random peptides in two loops surrounding the active site of the phage-displayed TEM-1 b-lactamase and biopanning on prostate-specific antigen monoclonal antibodies (PSA-Mabs) led to the identification of hybrid enzymes whose activity was markedly affected by antibody binding (Legendre et al., 1999) . Other mutants with affinity for streptavidin, horse spleen ferritin and b-galactosidase were selected (only a modest effect on enzyme activity was observed, Legendre et al., 2002) . Pursuing the work on engineering, three contiguous surface loops surrounding the active site of TEM-1 b-lactamase were then mutated by insertion of random penta-, hexa-or heptapeptides or by randomisation of the wild-type sequence (Mathonet et al., 2006a) . Kinetics properties of mutants in the presence of nickel, copper or zinc were analysed. Some of them featuring an activation or inhibition of the activity by factors up to 3 and .10, respectively, have been isolated (Mathonet et al., 2006b) .
Recently, a new type of allosteric enzymes was engineered using a strategy based on domain insertion. In this case, a monomer with a prerequisite binding property is inserted in another one possessing the catalytic function. For instance, a TEM-1 b-lactamase was randomly inserted into a maltose binding protein (MBP) to find the best insertion site for which the enzymatic activity is linked to the presence or the absence of maltose. A chimera displayed a 25-fold increase in b-lactam hydrolysis in the presence of maltose . In a similar work, a library of circularly permuted TEM-1 (cpTEM-1) b-lactamases was randomly inserted into MBP. By an iterative approach, the authors have combined the best circular permutation location with the best insertion site in MBP. Some of the selected chimeras showed an important increase in the rate of hydrolysis upon maltose binding by as much as 600-fold (Guntas et al., 2005) . One such chimera was also fortuitously regulated by micromolar concentration of zinc ion, suggesting that ligand affinity and allostery might emerge simultaneously (Liang et al., 2007) .
In this work, we have chosen the TEM-1 b-lactamase as a scaffold for our engineering purposes. This enzyme is produced by some bacteria and hydrolyses very efficiently the penicillin-like antibiotics conferring them resistance (Matagne et al., 1998) . The enzyme comprises two domains, a and a/b, that are linked by two hinges and the catalytic site is located at the interface (Jelsch et al., 1993) . Different reasons have motivated our choice. First, TEM-1 is the most studied amongst b-lactamases. The characteristics such as stability, structure, kinetics or tolerance to insertion or amino acid substitutions are well known (Huang et al., 1996; Hallet et al., 1997) . It has also been demonstrated that the enzyme could be displayed on phage without affecting its catalytic properties (Soumillion et al., 1994) . Moreover, the resistance to antibiotics is useful for in vivo selection. More precisely, we have worked on a variant of the TEM-1 that has been circularly permuted (cpTEM-1, clone sh6-1, Osuna et al., 2002) . In this permutant, a hinge has been broken to form new N-and C-terminal extremities. As a consequence, the two domains are connected by a single hinge. Moreover, additional point mutations were introduced to stabilise the scaffold and restore 8% of the wild-type activity (k cat /K m ).
Our objective was to examine the possibility of regulating a monomeric enzyme in which the active site is located at the interface of two domains connected by a single hinge. We hypothesised that the complexation of a ligand in a site created in the hinge region linking the domains and remote from the active site could modify their positioning and, consequently, modulate the activity by inducing rigid bodies motions similar to those described for natural allosteric enzymes. In the first part of this paper, we describe the construction of a mutant in which three histidines were introduced by rational mutagenesis and its characterisation. The second part shows the generation of a library where six residues of the hinge have been replaced by random hexapeptides. A small number of mutants (5 Â 10 5 clones) were displayed on phage and submitted to an affinity selection for nickel (in vitro phage-display technique). The kinetic properties of one selected clone were studied in the presence of nickel, cobalt and zinc. The affinity constants (K d ) were determined (millimolar range) and inhibition effects were observed on k cat (Ni 2þ , Co 2þ ) or k cat /K m (Zn 2þ ).
Materials and methods

General
T4 DNA ligase, Taq polymerase and restriction enzymes were provided by Roche. Ampicillin was from AppliChem, kanamycin from Gibco, benzylpenicillin from Sigma and nitrocefin from Oxoid. The oligonucleotides (Eurogentec, Liège) used in the different experiments are listed in Supplementary material.
Bacterial strains
Escherichia coli TG1 was used to replicate the DNA and produce phages from the pHDi.Ex phagemid. Escherichia coli BL21(DE3) was used to produce the b-lactamase as a free enzyme. TG1 genotype:
Construction of library vector
The vector used for library construction is a derivative of pHDi.Ex phagemid (Heyd et al., 2003 ; a gift from Prof. P. Minard, Université de Paris-Sud, France) where the ampicillin resistance gene was replaced by the kanamycin resistance gene. The vector has two origins of replication, a ColE1 generating a stable double strand (del Solar et al., 1998) and second one enabling the formation of a singlestrand DNA for phage particles formation (Weigel and Seitz, 2006) . The OmpT leader sequence and SalI were also introduced to give the pHDi.Ex.Kan R .OmpT phagemid (Labarbe, 2006) . In this article, we called it pHDi.Ex for simplicity.
Cloning of the cpTEM-1 gene in pHDi.Ex
The cpTEM-1 gene without the signal sequence was amplified by PCR from the pT4bla1sh6 plasmid (Osuna et al., 2002) using the SalI-pT4-For and NheI-pT4-Rev primers, which allowed an introduction of unique restriction sites. The DNA fragment was restricted and cloned between the SalI and NheI sites of the pHDi.Ex phagemid.
Directed mutagenesis and multisite-directed mutagenesis
The construction of cpTEM-1-His 3 (R61H, E64H and R43H mutations) was carried out using Pmut61-64-For and Pmut61-64-Rev primers and Pmut43-For and Pmut43-Rev primers (QuickChange w Site-Directed Mutagenesis kit, Stratagene). For building the library (see below), XhoI and BbsI restriction sites were introduced similarly, respectively, with Pmut57-64-For, Pmut57-64-Rev, Pmut251-For and Pmut251-Rev primers. The stabilised mutant cpTEM-1-3M was constructed using the QuickChange w Multisite-Directed Mutagenesis kit (Stratagene) and M182T-For, T195S-For, A224V-For and NcoI-For primers. All the mutations were confirmed by sequencing the entire genes on both strands.
Library construction by cassette insertion
The construction of the double-stranded cassette was realised by annealing primer-K7 to the random oligonucleotide K7-XhoI-BbsI. In a final volume of 60 ml, 12 mg of K7-XhoI-BbsI was mixed with 38 mg of primer-K7 in buffer 20 mM Tris, 2 mM MgCl 2 , 50 mM NaCl, pH 8. The mix was then subjected to heating 10 min at 708C in a water-bath, cooled slowly below 378C and put on ice; 1.25 mM each dNTP in 1 mM DTT, 8.8 mM MgCl 2 , 20 mM NaCl and 6 units of T4 DNA polymerase (Roche) were added to the annealing reaction product (60 ml) to obtain a final volume of 100 ml. The sample was subjected to the following cycle: 10 min on ice, 10 min at room temperature, 40 min at 378C and polymerisation was stopped by cooling to 48C. The double-stranded cassette was purified on 15% acrylamide gel. The polymerised cassette DNA was coloured with ethidium bromide and revealed by UV. The bands were cut and milliQ water was added to elute DNA from the gel overnight at 48C. The supernatant was collected and subjected to phenol-chloroform purification and ethanol precipitation. The cassette was digested with XhoI and BbsI endonucleases (New England Biolabs). The restriction product was purified on 15% acrylamide gel, eluted in milliQ water, purified with phenol chloroform and concentrated with ethanol precipitation (as above). The restricted fragment was cloned into the pHDi.Ex.cpTEM-1-3M phagemid cut with the same enzymes. A ligation was carried out in 10 ml with 1 unit of T4 DNA ligase at 168C overnight. The construction was electroporated by aliquots of 1 ml in 50 ml of E.coli TG1 electrocompetent cells and suspended in 950 ml of SOC medium at 378C. The cells were incubated for 1 h at 378C, 180 rpm. The 10 ml of transformed bacteria were centrifuged for 30 min at 3500g and resuspended in 1 ml of fresh LB medium, which was spread on a large Petri dish (250 ml) containing LB-Kan-Glu medium (50 mg/ml kanamycin, 1% glucose) and incubated overnight at 378C. The developed colonies were harvested with 10 ml of fresh LB and frozen at 2808C in 20% glycerol.
Phage-enzyme production and amplification from library
Phage-displayed enzymes were produced from 10 7 TG1 bacteria transformed with the phagemid library (glycerol stock). Escherichia coli bacteria were grown to exponential phase at 378C in 100 ml of LB-Kan-Glu medium (LB containing 50 mg/ml kanamycin and 0.1% glucose). The culture was then infected by 20 R408 helper phage per bacteria and incubated for 30 min at 378C plus 30 min at 378C under stirring (80 rpm). Infected TG1 cells were centrifuged for 5 min at 4500g and the pellet was resuspended in 500 fresh LB-Kan-IPTG (IPTG 1 mM) medium. Bacteria were incubated at 378C overnight, 180 rpm (or for the weekend at 238C). Phages were purified from the medium by successive polyethylene glycol precipitations as described (Soumillion et al., 1994) . The phages were finally dissolved in 1 ml TBS 1Â (supplemented with 0.02% NaN 3 for preservation).
Phage-enzyme titration
The number of infective phages was determined by incubating 100 ml serial dilutions with 900 ml E.coli TG1 cells (OD 600nm around 0.6) for 30 min at 378C and 30 min at 378C, 80 rpm. After incubation, 100 ml of each diluted mix was spread on agar plates containing 50 mg/ml kanamycin. The absorption at 265 nm was also measured to estimate the phage concentration (1 ¼ 3.92 Â 10 7 M 21 cm
21
). For R408 helper phage titration, LB agar plates were prepared and dried for 30 min at room temperature, and 3 ml of a mix containing 2.7 ml of TA7 medium (for 1 l: 2.5 g NaCl, 7 g agar, 10 g bactotryptone) and 300 ml of bacterial culture in exponential phase was poured. The TA7 medium was maintained at 488C before addition of cells. The plates were again dried during 30 min. Then, 10 ml of different dilutions of phage solution was spotted (from 10 5 to 10 16 ). When the drops had entered the LB agar, the plates were incubated at 378C overnight.
In vivo selection for activity
Escherichia coli TG1 bacteria transformed with the different plasmids or phagemids ( pT4.cpTEM-1, pT4.cpTEM-1-His 3 or pHDi.Ex.cpTEM-1) were grown in LB-Kan medium (containing 50 mg/ml kanamycin) at 378C, 180 rpm until they reached the exponential phase. Serial dilutions were performed in fresh LB, bacteria were plated on LB-Kan-(IPTG) medium containing different ampicillin concentrations and the colonies were counted.
In vitro selection for affinity and in vivo selection for catalytic activity Ni-NTA (nitrilotriacetic acid) agarose magnetic beads (QIAGEN) were incubated with 10 10 infective phage enzymes at 48C on turning wheel for 2 h (except overnight for the first one) in 1 ml of TBS. The unbound phages were discarded by several washings using 1 ml of a washing buffer (WB) containing 50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20 ( pH 8). The mix was briefly shaken with a vortex. The number of washings was increased during the selection (one for the first round, two for the second and so on). The bound phages were eluted 10 min at 48C with 2 Â 500 ml of elution buffer similar to WB but containing 250 mM imidazole. The recovered phages were titrated and amplified by infecting E.coli TG1 exponentially growing cells. Then, phage purification was carried out and a new round started. Enzymatically active mutants (e.g. cpTEM-1-3M-His 2 ) were extracted by plating the bacteria transformed by the phagemids recovered from the fifth round on plates containing 20 mg/ml ampicillin and incubating at 378C.
Production and purification of enzymes
The enzymes were produced in the periplasmic space of E.coli BL21(DE3). Bacteria were transformed with phagemid DNA. Directly after electroporation (2500 V, CellJect), a culture of these cells was started in 100 ml LB-Kan-Glu medium (1% glucose, 50 mg/ml kanamycin) at 378C overnight, 180 rpm. Twenty millilitres of the culture was transferred in 1 l of fresh LB-Kan-Glu medium and incubated at 378C, 180 rpm, until the optical density (600 nm) reached 0.8. The cells were then centrifuged at 4400g for 10 min, Engineering allosteric regulation in TEM-1 b-lactamase resuspended in LB-Kan-IPTG (1 mM IPTG) medium and grown for 3 h at 308C, 180 rpm. Periplasmic extracts were then carried out. The culture was centrifuged for 10 min at 4400g, and the pellet was resuspended in 33 ml 20% sucrose, 30 mM Tris -HCl, 1 mM EDTA, pH 8. After 10 min incubation at room temperature with shaking, bacteria were centrifuged for 10 min at 4400g, 48C. The harvested cells were resuspended in 50 ml of 5 mM cold MgSO 4 and incubated 10 min with shacking at 48C. After an additional centrifugation at 15 000g for 15 min at 48C, the periplasmic fraction was collected (supernatant). The proteins were dialysed in buffer A (20 mM Hepes pH 8) at 48C overnight. Following filtration through a 0.22-mm filter, the cpTEM-1 b-lactamase mutants were loaded first on a anion exchange column (HighLoad TM Q Sepharose 26/10-Amersham Biosciences) equilibrated with buffer A. Elution was performed with a gradient of buffer B (20 mM Hepes, 200 mM NaCl pH 8). The purity of b-lactamase fractions were analysed by SDS -PAGE. If necessary an additional purification by exclusion chromatography was carried out (HighLoad TM Superdex 26/60 200 pg-Amersham Biosciences) on a column equilibrated with 20 mM Hepes, 0.15 M NaCl, pH 8. The active fractions from the first purification were collected and concentrated by centrifugation at 3000g for 10 min with an Amicon Ultra 15 device (Millipore). The purity was checked by SDS -PAGE.
Stability with guanidinium hydrochloride
To a 2-ml solution of purified proteins (0.1 mM) in 50 mM of filtered Hepes buffer ( pH 7) were added progressively smaller volumes of Guanidinium hydrochloride (Gu.HCl) 6 M (Sigma) at ambient temperature. The changes in tryptophan fluorescence were followed on a CARY Eclipse fluorescence spectrofluorimeter at 340 nm using 280 nm as excitation wavelength. The signal and the [Gu.HCl] were corrected to take the dilution effect into account. For the detection of a molten-globule state, the fluorescence was measured at 480 nm ([E] ¼ 1 mM, l ex : 375 nm) in the presence of 50 mM 8-anilino-1-naphthalenesulfonic acid (ANS).
Activity measurements
The activity of purified cpTEM-1 b-lactamase and mutants was determined at 258C in 50 mM Hepes buffer ( pH 7). The hydrolysis of substrates was followed by measuring the change in absorbance as a function of the time at 232 or 485 nm, respectively, for benzylpenicillin (PenG:
). The rate was plotted versus the concentration of substrate. V max and K m were extracted by fitting experimental rates to the Michaelis -Menten equation. The first-order rate constant k cat was calculated by dividing V max by the enzyme concentration determined by the BCA TM Protein Asssay kit (Pierce) or absorbance measurement at 280 nm using specific molar extinction coefficients (1: 22 585 M 21 cm
21
). Kinetic experiments in the presence of the metal ions were carried out by adding them at various concentrations. The observed rate of substrate hydrolysis or product formation was corrected by subtracting the rate of metal-catalysed reaction. The k cat or the ratio k cat /K m was plotted as a function of the ligand concentration. The dissociation constant of the enzyme -metal ion complex as well as the kinetic parameters (k e and k e,L ) were extracted by fitting the experimental data to using Equation (1).
Gel filtration
Samples of purified and standard proteins were adjusted to a final concentration of 1 -2 mg/ml and filtered through a 0.22-mm filter. The cpTEM-1 and cpTEM-1-3M-His 2 samples were obtained after an anion exchange. Because of the low expression level and the important loss of enzyme during purification, the cpTEM-1-His 3 sample was loaded as the crude periplasmic extract. The column was first equilibrated with two volumes of a buffer 50 mM Hepes, 0.15 M NaCl ( pH 7); 250 ml of each prepared solution was applied to an analytical exclusion column (Superdex TM 200 HR 10/ 30-Amersham Biosciences). For the b-lactamase samples, the collected fractions were analysed by nitrocefin activity in ELISA wells. After several minutes, the absorbance was measured at 485 nm using a 96-wells plate reader (SpectraCount TM -Packard).
Results
Rational design of a cpTEM-1-His 3 mutant
To engineer the activity regulation into the cpTEM-1 b-lactamase, we decided to create an allosteric binding site into the hinge region of the permuted enzyme. The hope was that by interacting with this binding site, a defined ligand could modify the flexibility of the hinge and/or the positioning of the two domains. The changes occurring could be responsible for an activity regulation. On the basis of the observation of the three-dimensional structure (Jelsch et al., 1993) , we have decided to mutate two amino acids in the remaining hinge and one in the a/b domain of the protein.
Residues Arg 61 , Glu 64 and Arg 43 , respectively, were changed into histidines (the protein sequence is shown in Supplementary Fig. S1 ), a residue well known to complex metallic ions [the numbering is from Ambler et al. (1991) for the wild-type TEM-1 and corresponds to positions 131, 134 and 113 in cpTEM-1]. The choice of the mutations was guided by two observations. First, these amino acids had been shown to be tolerant to substitutions (Huang et al., 1996) . In particular, variants of the wild-type TEM-1 or other class A b-lactamases can accept a histidine at position 43 or 61 (but not observed in replacement of Glu 64 ). Mutation of these residues leads to the loss of salt bridges between Arg 43 -Glu 64 , Arg 61 -Glu 64 and Arg 61 -Glu 37 (Jelsch et al., 1993) without severely impairing TEM-1 activity. Secondly, the distance and the orientation between the three side chains (imidazole groups) could be adequately mutated in silico (Guex and Peitsch, 1997) to form a binding site for metal ions between the remaining hinge and the a/b domain (Fig. 1A) . This mutant was called cpTEM-1-His 3 . Interestingly, two histidines present in the wild-type enzyme had been removed on creation of cpTEM-1, H 289 on circular permutation and H 153 during improvement of the enzymatic activity by directed evolution. These histidines were forming potential metal ion binding sites with neighbours (H 26 -H 289 and H 153 -H 158 ) which might have interfered with our engineering.
The stability of cpTEM-1-His 3 b-lactamase was analysed and compared with that of the wild-type TEM-1 (Vanhove et al., 1995) and cpTEM-1. Gu.HCl induced denaturation was measured by following the fluorescence at 350 nm (l ex : 280 nm). Gu.HCl concentrations at which half of the fluorescence decrease had occurred were 0.9, 0.85 and 0.55 M, respectively, for TEM-1, cpTEM-1 and cpTEM-1-His 3 . For both permuted enzymes, the fluorescence began directly to decrease at low concentrations ( Supplementary Fig. S2 ) indicating that these enzymes are easily unfolded at room temperature. The effect of the break of one of the two hinges of TEM-1 appears to be partially compensated by the stabilising mutations introduced by directed evolution after circular permutation (Osuna et al., 2002) . The loss of the salt bridges leads to additional destabilisation in the His 3 mutant. Since the Gu.HCl denaturation of TEM-1 has been shown to go through a molten globule (Vanhove et al., 1995) , we also tried to detect its presence by the measurements of denaturation in the presence of ANS, a dye whose fluorescence increases dramatically on binding to the molten globule (Matulis et al., 1999) . No molten globule was detected (data not shown).
The catalytic activity of the triple mutant cpTEM-1-His 3 was determined by measurement of the rate of hydrolysis of benzylpenicillin (PenG) and compared with that of the cpTEM-1 b-lactamase. The k cat and K m parameters are given in Table I . The activity of cpTEM-1 was somewhat lower than that reported by Osuna et al. (2002) , i.e. 8% of the TEM-1 activity (k cat ¼ 226 s
21
, K m ¼ 127 mM). The three mutations reduce the activity further by nearly a factor of 5, the effect being mainly observed on k cat . The apparent affinity (K m ) of the His 3 mutant for its substrate is better than Fig. 1 . Structural models of cpTEM-1-His 3 (A) and cpTEM-1-3M-His 2 (B). Starting from the structure of TEM-1 b-lactamase (PDB code: 1AXB, Maveyraud et al., 1998) , the histidine mutations were introduced in silico and the best side-chain positions (rotamers) were calculated using Swiss-Prot SPDB viewer software. The histidine residues are highlighted in sticks and the two domains are shown in blue (a) and red (a/b). For the circular permutation, a small linker was inserted arbitrarily for connecting the N-and C-termini and new termini were created at position 216. The figure was made by the ViewerLite Program (Guex and Peitsch, 1997) . that of cpTEM-1. However, it should be remembered that the mechanism involves an acyl-enzyme and that a larger decrease in the deacylation versus the acylation rate can lead to a decrease in K m . The enzymatic activity of the cpTEM-1-His 3 b-lactamase in the presence of zinc and nickel ions was evaluated. The effect of these ions alone on substrate hydrolysis was also measured since it has been shown that Zn 2þ can significantly catalyse PenG hydrolysis by acting as a Lewis acid (Fig. 2,  Gensmantel et al., 1978) . The allosteric regulation with zinc and nickel ions was investigated by adding them in the reaction medium at concentrations up to 0.4 mM. After subtracting the rates of ion-catalysed reaction, Ni 2þ appeared to inhibit the enzymatic activity very weakly (data not shown) whereas a modest activation effect was observed with Zn 2þ (Fig. 3) .
A dissociation constant (K d ) of Zn(II)-enzyme complex and enzymatic parameters were determined by fitting the experimental points with Equation (1):
where L stands for Zn 2þ , k cat(e) and k cat(e.L) are the catalytic constant of, respectively, the free enzyme and the zinccomplexed enzyme. The following parameters were found: . An activation effect is about 20% compared with the apo-enzyme. In order to check if the allosteric regulation that could occur is due to the interactions between the complexation site residues and the ligand, another mutant of the cpTEM-1 b-lactamase was constructed in which three alanine residues were introduced at positions 43, 61 and 64 (cpTEM-1-Ala 3 ).
The b-lactamase activity of this enzyme was not affected by Zn 2þ at 1 mM concentration.
Directed evolution on cpTEM-1 b-lactamase
In a directed evolution approach, we decided to build a library in a phage-display format where six amino acids (residues 60-65) of the remaining hinge would be replaced by random hexapeptides and to submit this library to biopanning on immobilised transition metal ions. Our strategy involved four steps: (i) construction of the combinatorial library of potential allosteric binding sites, (ii) in vitro selection of mutants endowed with an affinity for transition metal ions from the phage-displayed library (Smith and Petrenko, 1997) , (iii) in vivo selection of active and well-folded enzymes by plating the bacterial library on ampicillincontaining medium and (iv) screening for regulation by measurements, on clones from this last selected population, of activity in the presence or the absence of metal ions. Before constructing the library, we decided to further stabilise cpTEM-1 and to explore the conditions of in vivo selection for activity.
Preliminary experiments. Since the stability of the TEM-1 b-lactamase was decreased by circular permutation and our results demonstrated that additional mutations in the remaining hinge would destabilise the enzyme further, we decided to introduce additional stabilising mutations described in the literature in order to compensate the decreased stability due to the three salt bridges loss. Mutations M182T (Sideraki et al., 2001; Kather et al., 2008) , T195S (Hecky and Müller, 2005; Hecky et al., 2007) and A224V (Kather et al., 2008, Hecky and Müller, 2005; Hecky et al., 2007) were introduced (residues in the enzyme structure are shown in Supplementary Fig. S3 ). They either help in the folding pathway or prevent the protein from misfolding and aggregating. Furthermore, a new hydrogen bond can be formed between the oxygen of the main chain carbonyl group of residue 62 in the hinge and the hydrogen of the hydroxyl group of the threonine 182 in the M182T mutant. (Wang et al., 2003;  Supplementary Fig. S4 ). This enzyme will be called cpTEM-1-3M. Its activity was measured at 258C with PenG substrate: the values of k cat and K m were, respectively, 24.8 + 1.9 s 21 and 56.8 + 4.6 mM. Compared with the wildtype cp-enzyme, the efficiency (k cat /K m ) is decreased by a factor of 2. The M182T, T195S and A224V mutations may lead to a tightened structure limiting the flexibility required for catalysis (Tsou, 1998; Castillo et al., 2002) .
Antibiotic resistance experiments were realised to determine the minimal ampicillin concentration for in vivo selection for activity. TG1 E.coli bacteria were transformed with three different plasmids containing a b-lactamase gene. The numbers of colonies growing on several ampicillin concentrations were counted and showed in percentage (Fig. 4) . The pT4 plasmid containing the cpTEM-1 gene was received from Osuna et al. (2002) . The circularly permuted b-lactamase has the wild-type signal sequence and gene expression is constitutive. A poor ampicillin resistance is observed for bacteria transformed with pT4 vectors containing cpTEM-1 or cpTEM-1-His 3 . With this plasmid, selection can be realised at 10-15 or 20 -25 mg/l, respectively. The difference in in vivo resistance reflects here the difference between the kinetic activities (or stability) calculated Fig. 3 . Effect of Zn 2þ ion concentrations on the mutant cpTEM-1-His 3 activity (k cat ). The fitting curve was drawn and kinetic parameters calculated using Equation (1). The measurements were carried out at 258C in Hepes 50 mM buffer pH 7. (Gensmantel et al., 1978) .
previously for each enzyme. The introduction of mutations in the remaining hinge decreases the stability and the activity of the enzyme leading to a weaker resistance to antibiotics. Escherichia coli TG1 transformed by pHDi.Ex-cpTEM-1, a high copy number phagemid where the cpTEM-1 gene is under the control of both a pLac and a pT7 promoter, were also tested. In this case, there was no sharp transition between fully resistant and sensitive bacteria and 20% of colony-forming units was still observed at 100 mg/l ampicillin. Since the IPTG inducer was added at the same time as ampicillin, this behaviour might result from a time-dependent appearance of the resistance phenotype, competing with the antibiotic effect of ampicillin.
In view of these results, the vector used for the library construction was the phagemid pHDi.Ex and an ampicillin concentration of 20 mg/l was chosen as the minimal selective pressure for recovering active clones. The gene encoding cpTEM-1-3M was cloned in this vector. An amber stop codon (TAG) connects the sequence coding for the enzyme and the gene coding for a truncated version of the pIII phage coat protein (residues 249-406) used for display. Under suppression conditions, part of the cloned protein will be fused to the truncated gIIIp. The signal sequence of the outer membrane protein OmpT directs the fusion protein to the periplasm (Fig. 5) .
Construction and properties of the hinge library. The pHDi.Ex.cpTEM-1-3M vector was modified to receive a randomly mutated cassette in the region encoding the hinge. Two additional unique restriction sites (XhoI and BbsI; Fig. 5 ) were introduced. The dsDNA cassette coding for random hexapeptides was prepared and cloned in the phagemid at the unique restriction sites. The randomised codons encoding residues 60-65 were -(NNK) 5 -(NNT)-with N being one of the four nucleotides A, T, G and C and K either G or T. This choice reduces the probability to find a stop codon but also modifies the relative frequency of amino acid residues. The third base of the sixth codon had to be fixed as a T because it was part of the BbsI restriction site used for cloning the random cassette. After cloning, the BbsI site is eliminated from the construction pHDi.Ex.cpTEM-1-3M-H 1 6 . All the 20 natural amino acids were possible at position 60 to 64, whereas only 15 at the last position leading to a theoretical library size of 4.8 Â 10 7 b-lactamases mutants. Escherichia coli TG1 bacteria were transformed with the library and spread onto LB-Kan 50 -Glu 1% or LB-Kan 50 -Amp 20 -IPTG 1mM plates to obtain the naïve (LH 1 ) and active (LH 1a ) libraries, respectively. A titration was also realised to determine their size. LH 1 was estimated to 5 Â 10 5 mutants whereas LH 1a reached 3 Â 10 3 active clones ( 0.6%). Randomly picked clones were sequenced. The amino acid composition in the remaining hinge is given in comparison with the wild-type sequence in Table II . In both libraries, all the analysed mutants contained different amino acids in the remaining hinge. Besides the number of transformants, the observation that no consensus sequence was present confirmed a good diversity among the engineered b-lactamases. Interestingly, it appeared that the in vivo selection often favoured the conservation of one or even two residues of the wild-type sequence. Together, these results indicate that the remaining hinge is hardly tolerant to amino acid substitutions. And it appears that keeping the activity in cpTEM-1 variants requires maintaining at least some of the interactions found in the wild-type enzyme.
These results were also compared with the systematic mutagenesis realised on the wild-type TEM-1 by Huang et al. (1996) , in which, at positions 60-65, the wild-type amino acids in active mutants were found at a respective occurrence of 4 out of 10 (F 60 ), 7 out of 11 (R 61 ), 3 out of 11 (P 62 ), 2 out of 11 (E 63 ), 9 out of 11 (E 64 ) and out 6 of 11 (R 65 ) clones. So, for both cpTEM-1-3M and wild-type TEM-1 b-lactamases, the most conserved residues are the glutamate and arginine residues (corresponding to the salt bridges).
In vitro selection for affinity against Ni 2þ by phage display. Mutants from the naïve library (LH 1 ) were displayed on phage and submitted to an immobilised metal affinity chromatography (Block et al., 2009) protocol. Five successive rounds of selection were realised to extract the clones endowed with the best affinity for the ligand. The selection process was checked by determining the percentage of Fig. 4 . Ampicillin resistance of E.coli TG1 bacteria transformed with several plasmids containing a b-lactamase gene: filled diamonds, pHDi.Ex.cpTEM-1; filled squares, pT4.cpTEM-1; filled triangle, pT4.cpTEM-1-His 3 . CFU, colony-forming unit. For pHDi.Ex, the medium was supplemented with the inducer (IPTG 1 mM) . Engineering allosteric regulation in TEM-1 b-lactamase 705 captured phages after each round. A drop was observed between the first and the second round, whereas the percentage was slowly raised during the following rounds. The low percentages of captured phages (between 0.004% and 0.017%, see Supplementary Fig. S5 ) are probably due to the low level of display obtained with phagemid vectors. Furthermore, the selection pressure is raised for each round by increasing the number of washings. Analyses of randomly picked phages by DNA restriction showed that a large proportion of them features large deletions. Therefore, it was decided to add an in vivo selection step on LBKan 50 -Amp 20 -IPTG 1mM medium to recover only active enzymes. Ten active clones were sequenced and displayed the same amino acids in the mutated hinge, demonstrating that a selection had occurred. Two histidine residues appeared at positions 61 and 65: W 60 -H 61 -S 62 -W 63 -L 64 -H 65 (cpTEM-1-3M-His 2 ). It is interesting to note that, contrary to the rational design strategy, the two mutations are separated by one additional amino acid residue (Fig. 1) .
Determination of the allosteric effect of cpTEM-1-3M-His 2 . The cpTEM-1-3M-His 2 and cpTEM-1-3M enzymes were produced in E.coli BL21(DE3) bacteria and purified. The allosteric regulation of cpTEM-1-3M-His 2 was evaluated by kinetic measurements in the presence of several metal ions (Ni 2þ , Co 2þ , Zn 2þ , Mn 2þ and Mg 2þ ) using cpTEM-1-3M as a control. Rates of PenG hydrolysis, measured at several substrate concentrations, were corrected by subtracting the contribution of the metal ion-catalysed reaction. For Ni 2þ and Co 2þ , k cat and K m parameters could be extracted from the corrected data: a modest but significant non-competitive inhibition was observed, no significant effects were detected on K m but the inhibition (24% and 38% for Ni 2þ and Co 2þ , respectively) appeared to be almost exclusively on k cat (Fig. 6A) . With zinc ions, in view of the more important The conserved residues in relation to the wild-type sequence (FRPEER) are in bold.
b These clones were selected on LB plates containing 20 mg/ml ampicillin and 1 mM IPTG.
contribution of the non-enzymatic Zn 2þ -catalysed reaction, the K m could not be determined precisely. The k cat /K m ratios were plotted against the zinc concentration (Fig. 6B ). An 80% inhibition was observed. Other bivalent ions such as manganese or magnesium did not modify the activity. Fitting the experimental points to Equation (1) (or a version modified for k cat /K m ) allowed a determination of the parameters given in Table III .
Domain swapping
Domain swapping is an oligomerisation phenomenon that occurs naturally (Marianayagam et al., 2004) but also as a consequence of modifications (mutations, insertions or deletions) in loops or hinge regions (Rousseau et al., 2003) . During this process, a minimum of two monomeric proteins exchange structural elements such as helices, b-sheets or domains to form the oligomer (Liu and Eisenberg, 2002) . In the cpTEM-1 b-lactamase, the rupture of the second hinge and mutations of residues in the remaining one could lead to the formation of a dimeric or oligomeric enzyme. In this case, the interactions between the two domains would become inter-instead of intra-molecular (Fig. 7) .
Since it is known that a lot of allosterically regulated enzymes are oligomeric, it was checked whether cpTEM-1 and the metal ions-regulated proteins, cpTEM-1-His3 and cpTEM-1-3M-His2, were in a monomeric, dimeric or oligomeric form. An analytical exclusion chromatography was applied to purified protein samples of each protein, except for cpTEM-1-3M-His 2 , for which we worked on periplasmic extract. The activity in the collected fractions was measured with the chromogenic substrate nitrocefin. An adequate calibration with standard proteins allowed us to associate the resulting absorbance peaks with the molecular weights (Fig. 8) . The peaks (maximum) obtained for the different enzymes appeared around 29-30 kDa, whereas the molecular weight of the wild-type cpTEM-1 lacking its signal peptide is 28.8 kDa. Some activity was detected in high molecular weight fractions for cpTEM-1-3M-His 2 . This observation could be explained by the oligomerisation of a small fraction of the permuted enzyme forming chains of different sizes. Since, for this mutant, the sample used in the chromatographic experiment was not purified because of its low expression level, the high molecular weight species could also be the result of non-specific interactions between the enzyme and the periplasmic proteins. In addition to the activity, the absorbance signal was recorded at 260 nm, one single peak corresponding to the monomer was observed for each analysed protein. These results demonstrate that the proteins are predominantly monomeric.
Discussion
In this work, both rational design and directed evolution methods were used to engineer an allosteric regulation into the cpTEM-1 b-lactamase. The aim was to create a metal binding site in the hinge region in such a way that modulation of the enzymatic activity would occur by modifying the positioning of the domains. In the first approach, we designed a triple mutant containing two histidine residues in the remaining hinge and another one in the a/b domain. Only a modest 20% activation effect was observed on zinc binding. In the second approach, a variant of cpTEM-1 was selected, which contained two histidine residues at positions 61 and 65 of the hinge. This mutant exhibited inhibition effects ranging from 24% to 80%.
Sille'n and Martell (1964) have collected affinity constants of metal ions for imidazole, they are in the millimolar range. In our work, the affinity seems to be related to the number of residues implicated in binding. Zinc affinity increased from 300 to 50 mM according to the presence of two or three histidines. The micromolar range affinity confirms that more than one amino acid is implicated in the complexation. The zinc affinity found for cpTEM-1-His 3 , however, is weaker than that reported by Liang et al. (2007) for a fusion protein between the MBP and TEM-1 (K d ¼ 2.1 mM) and slightly better than that reported by same authors for TEM-1 (K d ¼ 0.34-1.1 mM). Both the MBP-TEM-1 fusion and TEM-1 itself are inhibited by Zn 2þ binding but it should be remembered that the couples of histidines (H 26 -H 289 and H 153 -H 158 ) forming potential metal ion binding sites are absent in cpTEM-1.
A comparison of the behaviours of cpTEM-1-His 3 and cpTEM-1-3M-His 2 suggests that the precise site where the metal ion binds influences the direction or the angle of hinge bending. On binding to the side chains of histidine residues, oriented away from the active site, metal ions can influence the relative positioning of the two domains. In cpTEM-1-His 3 , three important electrostatic interactions between Arg 61 -Glu 37 , Arg 61 -Glu 64 and Arg 43 -Glu 64 (Jelsch et al., 1993) are lost. These interactions realise a bridge a Subscripts e and el stand for free and metal bound enzymes.
Engineering allosteric regulation in TEM-1 b-lactamase between the hinge and the a/b domain in the wild-type protein.
Since the mutations decrease the activity of the circularly permuted enzyme by a factor of 4 -5 mainly by an effect on k cat , the weak activation observed on Zn 2þ binding may result from a partial restoration of the anchoring. On the other hand, metal ion binding contributes to decrease the activity of cpTEM-1-3M-His 2 . In this mutant, there is one additional residue between the histidines in the hinge, which may contribute to move the domains in the opposite direction and lead to an inhibition. Kim and Ostermeier (2006) described a TEM-1 b-lactamase variant (RG13) in which the second hinge was broken by insertion of an MBP. Binding of maltose on the other side of the substrate cavity (compared with the intact hinge) increased the activity. In this case, the conformational change probably leads to the closure of the active site.
The construction of the library was carried out by replacement of the hinge wild-type sequence with random hexapeptides. This strategy was chosen on the basis of two important articles. Contrary to penta-peptide insertions that are not well tolerated in the H 1 hinge (Hallet et al., 1997) , Huang et al. (1996) showed that the TEM-1 b-lactamase could accommodate amino acid substitutions in this region. Randomisation of all the residues led to the conclusion that 43 out of 263 were totally conserved. Phe 66 and Pro 67 being part of this category, we decided to mutate only six amino acids from 60 to 65 in the 20 possibilities (or 15 for the last one). Among the mutant sequences, although a good diversity was found in the naïve library, the appearance of one or two residues identical to the wild-type sequence after ampicillin selection showed once again that interactions connecting the hinge to the rest of the protein are important for structure and activity. The arrangement of clones in Table II helps to see the predominance of arginine residues at positions 61 and 65 among the active clones (logo in Supplementary Fig. S7 ). Position 64 is also often occupied by an aspartate or a glutamate residue (respectively, 4 and 3). The highest conservation of residue 61 compared with residue 64, whereas the number of salt bridges implicated is equivalent, indicates that the interaction between Arg 61 and Glu 37 could be more important than between Arg 43 and Glu 64 to maintain the activity. Arg 65 , whose side chain is involved in strong H-bonds with the T 180 g-oxygen and the Val 159 carbonyl oxygen (Jelsch et al., 1993) , is also notably favoured. Phi and Psi angles of amino acids 60-65 were calculated from a Ramachadran diagram in the hinge conformation of wild-type TEM-1 (PDB code: 1AXB, Maveyraud et al., 1998 Maveyraud et al., ): F (2148 118.38), R (53.28; 47.68), P (263.28; 226.88), E (2114.28; 23.98), E (299.28; 155.18), R (291.78; 142.28) . The determined angles can accept a proline residue except at position 60. Despite the tolerance, proline residues were only found at position 62 as in the wild-type sequence. No cysteine was found after in vivo selection on ampicillin.
The same cpTEM-1-3M-His 2 was found in all the 10 sequenced clones after in vitro ( phage pannings) and in vivo (ampicillin resistance) selections. This may be due to the small size of the starting library, containing around 3000 active enzymes. The proportion of histidine residues at each position should be around 3% for positions 60 -64 because of the NNK degeneracy (1 codon encoding a histidine in 32) and around 6% in position 65 (NNT degeneracy; Table II) . Moreover, in natural proteins, the observed separation between two histidine residues of a loop involved in a metal ion binding is one, two or three residues (sequences HXH, HX 2 H and HX 3 H; Harding, 2004) thus affording only nine combinations of suitable histidine pairs in a hexapeptide. Taken together, these data allow estimating the number of active enzymes featuring such potential metal binding motifs to be around 35. The fact that only one clone came out of the selection suggests that quite stringent structural determinants are required for creating a metal binding site in the hinge. However, a hidden in vivo selection bias due to variable toxicities among the clones of the library (unpublished results) may also explain this loss in diversity.
Exclusion chromatography allowed us to demonstrate that mutant and wild-type permuted enzymes were predominantly in a monomeric form. The detection method based on activity may not be sensitive enough to detect a low percentage of dimeric or oligomeric forms in the sample. Detection of proteins in the far UV, confirmed that the enzymes are monomeric and the absence of dimers that would not have been detected if they were inactive. Since the kinetic curves of the activity versus ligand concentration showed no sigmoid, cooperativity should be excluded and no domain swapping seems to be induced by the ligand. Moreover, this phenomenon has rarely been observed. The only example reported to date is the 3D domain swapping regulation of glyoxalase I by gluthathione (Saint-Jean et al., 1998) .
Conclusion
We demonstrated that engineering an allosteric regulation in the hinge region of a monomeric enzyme was possible. Our results suggest that the activity modulation is due to a modification of the positioning of the connected domains. The creation of artificial enzymes whose activity is modified by binding of a ligand may help us to better understand the mechanisms of allosteric regulation.
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